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INTRODUCTION 


This  is  a  report  on  the  first  year  of  a  3  year  effort  to  investigate  the  weldability  of 
austempered  ductile  iron  (ADI).  This  project  is  a  task  under  the  Army  Manufacturing 
Science  and  Technology  (MS&T)  Ductile  Iron  Program  in  response  to  Congressionally 
directed  Army,  Navy,  and  Air  Force  MS&T  initiatives  to  explore  military  and  industrial 
uses  of  American  ductile  iron.  In  FY  92,  the  overall  Army  program  encompassed 
projects  in  three  distinct  areas:  projectile  applications,  vehicle  applications,  and 
continued  exploration  of  uses  for  American  ductile  iron  in  defense  related  applications. 
It  is  under  this  third  area  that  the  first  year  of  a  3  year  effort  was  initiated. 

The  3  year  effort  was  designed  to  investigate  the  weldability  of  a  specific  grade  of 
ductile  iron,  as  welding  must  be  considered  as  a  fabrication  technique  in  its  potential 
applications.  The  term  ductile  iron  as  used  in  this  report  refers  to  a  specific  chemistry 
of  ductile  iron  which  responds  to  austempering  heat  treatment.  The  first  year  was 
designed  to  provide  the  foundation  knowledge  for  the  second  and  third  year  as  well  as 
to  provide  information  for  another  MS&T  project  on  the  application  of  overlay  welded 
copper  alloy  rotating  bands  to  ductile  iron  artillery  projectiles.  The  first  year  investigat¬ 
ed  the  effect  thermal  cycling,  due  to  welding,  has  on  the  microstructure  of  as-cast 
ductile  iron  and  the  effect  a  subsequent  austemper  heat  treatment  has  on  the  heat- 
affected  microstructure.  This  applies  to  applications  where  austemper  heat  treatment 
can  be  performed  after  welding.  The  information  generated  by  the  first  year  effort  will 
be  used  to  execute  the  second  and  third  year  efforts.  Results  will  be  used  to  select 
preheat  temperatures  for  actual  welding  trials  and  will  be  used  in  subsequent  analysis 
of  the  weld  heat  affected  zones.  The  second  year  project  will  investigate  fusion 
welding  of  ductile  iron  using  the  gas  metal  arc  welding  (GMAW)  process.  This  will 
consist  of  using  various  filler  metals  and  two  energy  inputs  to  evaluate  resultant 
mechanical  properties  of  both  the  as-welded  austempered  ductile  iron  and  welded 
ADI  with  subsequent  austemper  heat  treatment.  This  second  year  work  is  designed  to 
apply  to  both  field  repair  and  production  fabrication  of  ductile  iron  components.  The 
third  year  will  investigate  the  effect  thermal  cycling,  due  to  welding,  has  on  the 
microstructure  of  ductile  iron,  which  has  been  austempered  heat  treated  prior  to 
welding.  This  applies  to  components  which  cannot  be  heat  treated  after  welding.  The 
third  year  will  also  investigate  solid  state  welding  of  ductile  iron  before  and  after 
austemper  heat  treatment  using  friction  (inertia)  welding. 

Austempered  ductile  iron  is  a  family  of  alloys  developed  by  the  American  ductile 
iron  industry  which  possess  mechanical  properties  through  an  austemper  heat 
treatment  comparable  to  alloy  steel.  The  austemper  heat  treatment  is  essentially  the 
distinguishing  feature  of  this  family  of  alloys  when  compared  to  standard  grades  of 
ductile  iron.  The  austemper  heat  treatment  produces  an  arrested  bainitic  microstruc¬ 
ture,  a  mixture  of  bainitic  ferrite  and  high  carbon  retained  austenite,  which  is  primarily 
responsible  for  the  enhanced  mechanical  properties  of  austempered  ductile  iron  (ref 
1).  The  austemper  heat  treatment  cycle  is  sensitive  to  many  material  related  factors. 
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such  as:  nodule  size  and  distribution,  alloy  content,  and  alloy  distribution  to  prevent 
formation  of  pearlite  upon  quenching.  These  factors  require  manipulation  of 
austenitizing  parameters,  namely  austenitizing  temperature  and  time  and  quench 
medium  temperature  and  time  in  quench  to  achieve  the  optimum  desired  microstruc¬ 
ture. 


Work  by  Nippes,  et  al,  demonstrated  that  ductile  iron  exhibits  many  complex 
reactions  when  exposed  to  the  thermal  cycles  experienced  during  welding  which  are 
responsible  for  forming  brittle  constituents  such  as  martensite  and  massive  carbide, 
and  that  these  constituents  were  not  necessarily  avoidable  even  through  employing 
preheat  (ref  2).  Since  austempered  ductile  iron  would  not  be  used  in  the  as-welded 
condition  as  investigated  by  Nippes,  the  first  year  effort  investigated  the  effect  these 
constituents  have  on  the  resultant  austempered  microstructure-that  is,  whether  the  as- 
welded  microstructure  is  recoverable  through  austemper  heat  treatment. 

The  experimental  technique  used  to  perform  this  work  was  the  same  as  that  used 
by  Nippes,  et  al.  A  synthetic  specimen  technique,  using  a  machine  known  as  the 
Gleeble,  was  used  to  produce  simulated  weld  thermal  cycles  duplicating  preheat  and 
peak  temperatures  achieved  in  the  weld  heat  affected  zone  (HAZ).  The  experimental 
plan  expands  on  Nippes  work  by  examining  not  only  the  effect  of  preheat  temperature 
on  heat  affected  zone  microstructure  and  hardness,  but  also  by  examining  the  effect  of 
weld  energy  input  and  subsequent  austemper  heat  treatment  on  HAZ  microstructure 
and  hardness. 

The  specific  alloy  selected  for  evaluation  under  this  effort  is  the  same  alloy  that 
was  selected  for  related  MS&T  ductile  iron  projects  involving  projectile  applications. 
This  alloy  is  not  available  through  commercial  specifications  and  was  developed 
specifically  to  meet  the  mechanical  properties  required  for  large  calibre  projectile 
bodies. 

Procedure 

The  experimental  plan  was  designed  to  simulate  two  separate  welding  proce¬ 
dures  which  could  be  used  for  welding  a  0.50  in.  plate.  Two  different  weld  energy 
inputs,  37.5  kJ/in.  and  22.5  kJ/in.,  were  selected  for  this  investigation.  The  37.5  kJ/in. 
simulates  a  three  pass  GWAW  using  0.045  in.  electrode  wire  in  a  0.50  in.  thick  plate 
and  the  22.5  kJ/in.  simulates  a  five  pass  GMAW  using  0.045  in.  electrode  wire  in  a 
0.50  in.  thick  plate. 

The  Gleeble  synthetic  specimen  technique  enables  the  examination  of  the 
microstructure  at  any  desired  point  in  the  heat  affected  zone  which  is  otherwise  difficult 
to  distinguish  when  examining  an  entire  weld  heat  affected  zone.  The  simulated 
thermal  cycle  of  each  specimen  represents  a  discrete  section  of  a  weld  heat  affected 
zone  at  a  predetermined  peak  temperature.  Peak  temperatures  of  1200°F,  1550°F, 
1800®F,  1950°F,  2020®F,  and  2100®F  were  selected.  The  peak  temperatures  were 
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chosen  as  temperatures  at  which  microstructural  and  or  material  property  changes 
could  be  expected.  Figure  1  is  a  calculated  2-D  representation  of  the  weld  heat 
affected  zone  and  corresponding  peak  temperature  profile  for  the  37.5  kJ/in.  and  22.5 
kJ/in.  energy  input. 

Five  initial  preheat  temperatures  were  also  selected  for  both  of  the  weld  energy 
inputs.  The  preheat  temperatures  were  chosen  as  those  which  could  be  typically  used 
in  standard  welding  practice  and  have  an  effect  on  the  resultant  microstructures  by 
changing  the  cooling  rate  of  the  heat  affected  zone.  Since  cooling  rate  is  a  function  of 
part  geometry,  preheat  temperature,  and  energy  input,  the  plate  preheat  temperatures 
actually  represent  five  different  cooling  rates  for  each  energy  input. 

The  Gleeble  synthetic  specimen  technique  was  used  to  produce  simulated  weld 
thermal  cycles  in  reduced  cross  section  10  mm  diameter  ductile  iron  bars.  Figure  2  is 
a  drawing  of  the  test  specimen  used  in  the  Gleeble  and  figure  3  is  a  photograph  of  the 
Gleeble  test  configuration.  Note  in  figure  3,  both  the  copper  jaws  and  the  thermocou¬ 
ple  attached  at  the  specimen  midsection.  The  copper  jaws  allow  for  both  electrical 
conductivity  to  heat  the  specimen  and  thermal  conductivity  to  cool  the  specimen.  The 
thermocouple  measures  both  peak  temperature  and  temperature  upon  cooling.  The 
cooling  rate  is  controlled  by  pulsing  the  electrical  current. 

Cooling  rates  were  measured  as  the  slope  of  the  cooling  curve  at  1300°F  which 
is  the  temperature  in  the  region  of  the  pearlite  nose  on  the  continuous  cooling  curve. 
This  temperature  was  chosen  since  the  cooling  rate  in  this  area  can  be  related  to  the 
types  and  amounts  of  transformation  products  observed  in  the  treated  specimen. 

The  cooling  curves  used  in  this  work  were  mathematically  derived  from  the 
Rykalin  2-D  expression  (appendix).  Figure  4  is  an  example  of  the  experimentally 
determined  cooling  curves  derived  from  this  expression  at  the  1800°F  peak  tempera¬ 
ture  for  72°F  and  800°F  preheat  temperatures  showing  the  difference  in  cooling  rates 
as  influenced  by  preheat  temperatures.  Separate  cooling  curves  were  generated  for 
each  thermal  cycle  condition.  The  Gleeble  synthetic  specimen  technique  duplicates 
the  cooling  curves  derived  from  the  Rykalin  expression  through  real-time  pulsing  of  the 
current  with  thermocouple  feedback  control.  Thus,  a  constant  cooling  rate  can  be 
maintained  for  a  given  energy  input  and  specimen  geometry  over  the  range  of  peak 
temperatures  for  each  preheat  temperature.  Figure  5  summarizes  the  experimental 
matrix,  showing  the  combinations  of  preheat  and  peak  temperatures  for  the  37.5  kJ/in. 
and  22.5  kJ/in.  weld  energy  inputs. 

Two  specimens  were  thermally  cycled  for  each  condition  In  the  matrix.  One 
specimen  from  each  of  these  conditions  was  subsequently  austempered  heat  treated. 
Microstructural  observations  and  hardness  measurements  were  used  to  evaluate  the 
material  in  the  as-welded  and  subsequently  austempered  conditions. 
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The  peak  temperatures  chosen  represent  the  heat  affected  zone  up  to  the  fusion 
zone  of  the  weld.  The  highest  peak  temperature  (2100°F)  is  just  slightly  above  the  nil 
strength  temperature  of  ductile  iron  (measured  to  be  2057®F).  Tests  above  2100°F 
could  not  be  carried  out  due  to  the  excessive  melting  of  the  test  specimen.  The 
chosen  specimen  geometry  (constant  radius,  reduced  cross  section  required  for 
desired  cooling  rates)  did  not  allow  for  the  use  of  a  quartz  crucible  which  could 
maintain  the  integrity  of  the  specimen  and  allow  for  fusion  zone  (FZ)  testing. 

Microstructural  observations  were  made  using  both  light  and  scanning  electron 
microscopy  from  metallographic  specimens  cut  transverse  to  the  mid-section  of  the 
reduced  section  Gleeble  specimen.  Metallographic  specimens  were  cut  at  the  point  to 
which  the  Gleeble  thermocouple  was  attached  to  the  specimen  mid-section,  ensuring 
that  the  microstructures  reflected  the  desired  peak  temperatures  and  cooling  rates. 

Hardness  measurements  were  taken  using  the  Rockwell  A  scale.  Rockwell  A 
was  selected  based  on  information  from  the  reference  1 .  The  Rockwell  A  scale  covers 
a  sufficient  area  of  both  nodules  and  matrix  stmcture.  This  reduces  scatter  in  hardness 
readings  due  to  preferential  indentation  of  either  the  matrix  structure  or  nodules  as 
would  occur  with  microhardness  testing. 

Material 

The  material  for  this  work  was  supplied  by  Wagner  Casting  Company  of  Decatur, 
Illinois.  The  specific  austempered  ductile  iron  alloy  selected  for  evaluation  is  the  same 
alloy  that  was  selected  for  MS&T  project  5904948  to  investigate  using  ADI  for  the  155- 
mm  M864  projectile  body  of  which  Wagner  Casting  was  the  prime  contractor.  This 
alloy  is  not  available  through  commercial  specification.  The  chemistry,  casting 
process,  and  heat  treatment  of  the  alloy  was  developed  by  Wagner  in  order  to  meet 
the  M864  mechanical  property  requirements  of  a  minimum  140  ksi  yield  strength  with 
an  elongation  of  8%.  As  such,  the  same  requirements  were  specified  for  this  material 
so  the  results  of  this  work  can  be  related  to  other  MS&T  projects  on  ADI. 

The  ADI  was  provided  in  the  form  of  a  10-mm  diameter  bar  12  in.  Table  1  shows 
the  nominal  chemistry  of  the  material.  The  bars  were  comprised  from  several  heats. 
The  chemical  composition  of  each  heat  used  to  produce  the  bars  were  recorded; 
however,  the  supplier  did  not  identify  specific  bars  to  the  melt  chemistries.  Therefore, 
any  effect  on  the  results  due  to  variation  in  the  starting  material  cannot  be  determined. 

The  austemper  heat  treatment  was  performed  by  Applied  Processes,  Inc.,  a 
Wagner  Casting  subcontractor.  The  parameters  used  to  austemper  heat  treat  the 
specimens  are  shown  in  table  2. 
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RESULTS 


Mechanical  Properties 

Tensile  test  results  for  the  austempered  as-cast  material  are  shown  in  table  3.  As 
can  be  seen  from  the  table  the  austemper  heat  treatment  performed  on  this  material 
was  satisfactory  and  the  mechanical  properties  met  the  desired  requirements. 

Cooling  Rate 

The  cooling  rate  results  are  shown  in  table  4.  These  cooling  rates  were  deter¬ 
mined  as  the  slope  of  the  cooling  curves  at  1300°F  from  Gleeble  experimental  data. 
Note  that  the  cooling  rates  for  the  22.5  kJ  energy  input  are  approximately  2.8  times  as 
fast  as  those  for  the  37.5  kJ/in.  energy  input.  This  is  due  to  the  size  of  the  respective 
heat  affected  zones.  The  mass  of  the  plate  relative  to  the  weld  zone  for  each  condition 
is  such  that  it  represents  essentially  the  same  heat  sink  for  both  conditions.  The 
cooling  rates  for  the  two  energy  inputs  differ  significantly  due  to  the  size  of  the 
respective  heat  affected  zones  (fig.  1 ).  The  cooling  rate  for  any  given  peak  tempera¬ 
ture  at  the  lower  energy  input  will  be  faster  since  there  is  less  mass  heated  to  the  peak 
temperature  than  with  the  higher  energy  input  at  the  same  peak  temperature. 

The  cooling  rate  is  held  constant  by  the  Gleeble  through  the  range  of  peak 
temperatures  at  a  given  preheat  temperature  for  each  energy  input.  In  the  case  of  a 
plate  at  a  given  preheat  temperature,  the  heat  is  removed  at  a  constant  rate  from  the 
heat  affected  zone  due  to  the  size  of  the  plate  versus  the  size  of  the  weld  zone. 
Effectively,  the  initial  plate  temperature  does  not  elevate  from  the  heat  of  the  weld  and 
therefore  does  not  change  the  cooling  rate. 

There  is  some  overlap  in  the  cooling  rates  between  the  two  energy  inputs, 
especially  in  the  600°F  preheat  for  37.5  kJ/in.  energy  input  and  in  the  800°F  preheat 
for  22.5  kJ/in.  energy  input.  This  is  manifested  in  similar  microstructure  and  hardness 
results  for  the  overlapping  conditions. 

Microstructure 

The  microstructures  formed  in  austempered  ductile  Iron  in  both  the  as-welded 
and  austempered  condition  can  be  quite  complicated.  The  carbon  nodules  represent 
a  source  of  carbon  from  which  carbon  can  diffuse  into  the  matrix.  The  peak  tempera¬ 
tures  obtained  during  welding  as  well  as  the  time  above  the  austenitizing  temperature 
play  an  important  role  in  the  diffusion  of  carbon  into  the  matrix,  thus  increasing  the 
carbon  concentration  of  the  austenite.  This  has  the  effect  of  increasing  the 
hardenability  and  decreasing  the  temperature  range  of  the  two  phase  austenite/ferrite 
region  of  the  phase  diagram  upon  continuous  cooling.  Therefore,  hardenability  and 
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carbon  in  solution  are  a  function  of  the  peak  temperature  reached  (ref  2).  The  cooling 
rate  plays  a  role  in  the  diffusion  of  carbon  back  to  the  nodules  and,  of  course,  amount 
and  type  of  transformation  products. 

The  microstructures  developed  during  this  study  will  be  presented  in  four 
categories:  1 )  as  a  function  of  peak  temperature  reached,  as  this  illustrates  the  effect 
the  increase  in  carbon  diffusion  has  on  hardenability  as  the  peak  temperature 
increases;  2)  as  a  function  of  cooling  rate,  as  this  illustrates  the  effect  of  preheat  and 
energy  input  have  on  the  amount  and  type  of  transformation  products  at  each  peak 
temperature:  3)  as  a  function  of  post-weld  austemper  heat  treatment;  and  4)  as  a 
function  of  the  weld  partial  fusion  zone  (PFZ)  and  fusion  zone  (FZ). 

Figure  6  shows  the  as-cast  microstructure  in  the  ductile  iron  material  as  received 
from  Wagner  at  500x  magnification.  The  as-cast  microstructure  is  essentially  a  100% 
pearlitic  structure,  with  some  blocky  "bull's  eye"  ferrite  around  the  graphite  nodules. 

As-Welded  Microstructures 

The  peak  temperature  of  1 200°F  represents  a  temperature  below  which  the 
transformation  to  austenite  takes  place.  Therefore,  no  transformation  on  cooling 
occurs.  This  microstructure  appears  exactly  as  the  as-cast  structure  shown  in  figure  6 
for  both  the  37.5  and  22.5  kJ/in.  energy  inputs. 

As  the  peak  temperature  increases  for  a  given  preheat  temperature,  the  rate  of 
carbon  diffusion  increases  and  the  hardenability  of  the  austenite  increases.  This  is 
due  to  the  increase  in  solubility  of  carbon  in  austenite  and  the  increase  in  time  at 
austenitizing  temperature.  This  is  most  effectively  illustrated  for  a  constant  cooling  rate 
of  34.5°F/s  (37.5  kJ/in.  energy  input  at  72°F  preheat  temperature)  over  the  range  of 
peak  temperatures  from  1550®F  to  2020°F  (figs.  7  through  10).  At  the  peak  tempera¬ 
ture  of  1550°F  (fig.  7),  the  microstructure  is  ferrite  and  pearlite  with  areas  of  fine 
pearlite  throughout.  The  peak  temperature  of  1550°F  represents  the  lowest  tempera¬ 
ture  used  in  this  study  at  which  carbon  becomes  soluble  in  austenite.  At  this  tempera¬ 
ture,  when  compared  to  higher  peak  temperatures,  carbon  diffusion  is  sluggish  and 
solubility  in  austenite  is  lower.  However,  regardless  of  the  peak  temperatures,  carbon 
diffusion  at  the  grain  boundaries  is  more  rapid  than  within  the  austenitic  grain.  This  is 
evident  in  the  fine  pearlite  which  forms  in  the  vicinity  of  the  prior  austenitic  grain 
boundaries.  Hardenability  due  to  limited  carbon  diffusion  through  the  matrix  is  low, 
however,  as  is  indicated  by  a  lack  of  martensite  in  figure  7.  The  ferrite  present  in  the 
photomicrograph  is  the  result  of  either  too  short  of  a  time  in  the  austenitic  temperature 
range  to  promote  full  austenization,  the  cooling  rate,  or  a  combination  of  both  factors. 

As  the  peak  temperature  increases  (figs.  8  through  10)  to  1800°F,  1950°F,  and 
2020°F  respectively,  transformation  to  martensite  occurs.  At  1800°F,  (fig.  8),  a  mixed 
microstructure  of  martensite,  pearlite,  and  ferrite  is  shown.  At  1950°F  (fig.  9),  a  lath-like 
martensite  is  evident.  At  2020°F  (fig.  10),  the  microstructure  is  a  plate-like  martensite 
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with  some  retained  austenite.  One  aspect  causing  this  trend  is  an  increase  in 
hardenability  due  to  the  increase  in  carbon  content  of  the  austenite  as  the  peak 
temperature  increases.  The  increase  in  carbon  content  also  effects  the  resultant 
transformed  microstructure  as  discussed  previously. 

In  contrast,  cooling  rate  at  a  given  peak  temperature  also  plays  a  significant  role 
in  the  type  and  amount  of  transformation  products.  At  a  peak  temperature  of  1550°F, 
transformation  to  martensite,  ferrite,  and  pearlite  occurred  at  a  cooling  rate  of  94.5  F/s 
for  the  [22.5  kJ/in.  energy  input,  72°F  preheat  (fig.  11)].  This  can  be  directly  compared 
to  figure  7  where  the  critical  cooling  rate  was  not  exceeded  and  transformation  to  a 
fine  pearlite  at  austenitic  grain  boundaries  occurred.  At  a  slower  cooling  rate  {6.3®F/s) 
at  the  same  peak  temperature,  transformation  to  a  coarser  pearlite  and  a  larger 
fraction  of  proeutectoid  ferrite  occurred  (fig.  12). 

The  increase  in  hardenability  as  a  function  of  peak  temperature  effectively 
changes  the  critical  cooling  rate.  This  is  shown  by  the  various  cooling  rates  which 
produce  martensitic  structures  at  the  different  peak  temperatures.  At  1800®F  peak 
temperature,  the  carbon  sufficiently  affects  the  hardenability  so  that  some  martensite 
forms  at  a  cooling  rate  of  34.0°F/s  (fig.  8).  At  a  peak  temperature  of  1950°F,  the 
hardenability  of  the  austenite  increases  significantly  due  to  an  increase  rate  of 
diffusion  and  amount  of  carbon  into  the  matrix.  Only  cooling  rates  less  than  17.5°F/s 
are  sufficient  to  avoid  martensite  formation  at  1950®F  (figs.  13  through  16).  It  is  evident 
in  these  figures  that  as  the  cooling  rate  decreases,  the  microstructure  becomes 
peariitic.  At  a  peak  temperature  of  2020°F,  solubility  of  carbon  in  the  austenite  is 
almost  at  a  maximum.  This  increases  hardenability  to  the  point  such  that  a  cooling  rate 
of  13.5°F/s  or  above  forms  martensite  (fig.  17)  and  only  a  cooling  rate  of  6.3°F/s  or  less 
can  martensite  formation  be  avoided.  This  is  shown  in  figures  18  through  20. 

The  slower  cooling  rates  have  the  additional  effect  of  increasing  the  time  within 
the  austenitic  temperature  range.  This  has  a  subtle  effect  on  uniformity  of  carbon 
distribution  within  the  austenite,  since  longer  times  within  the  austenitic  region  affects 
rate  of  carbon  diffusion.  This  is  illustrated  at  a  peak  temperature  of  1800°F.  Figures 
21  and  22  show  fine  pearlite  in  the  vicinity  of  prior  austenitic  grain  boundaries,  blocky 
ferrite,  and  pearlite  at  a  cooling  rate  of  6.3®F/s.  At  the  same  peak  temperature,  but  at  a 
slower  cooling  rate  (2.3°F/s),  a  matrix  of  fine  pearlite  is  evident  (fig.  23).  The  slower 
cooling  rate  increases  the  uniformity  of  carbon  content  in  austenite  and  decreases  the 
temperature  range  of  the  ferrite/austenite  two  phase  region  of  the  phase  diagram 
throughout  the  grain,  thus  forming  the  fine  pearlite  of  figure  23.  At  the  slightly  higher 
cooling  rate  of  17.5°F/s  (fig.  24),  Widmanstatten  ferrite  and  martensite  is  evident  (figs. 
24  and  25). 

The  peak  temperature  of  2100°F  represents  the  onset  of  incipient  melting  that 
would  be  exhibited  in  a  PFZ.  Both  figures  26  and  27  show  regions  of  eutectic  carbide, 
plate  martensite,  and  retained  austenite.  Grain  boundary  eutectic  carbide  is  also 
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apparent  in  these  photomicrographs  showing  evidence  of  melting  at  the  grain 
boundaries.  The  large  area  of  eutectic  in  the  photomicrographs  is  due  to  localized 
melting  at  the  site  of  graphite  nodules. 

Two  additional  microstructures  are  included  (figs.  28  and  29).  The  first  shows  a 
peak  temperature  of  2148°F  and  the  other  shows  a  photomicrograph  of  complete 
melting.  The  2148°F  peak  temperature  was  part  of  some  initial  work  and  was  not  part 
of  the  experimental  matrix  developed,  it  is  included  as  an  example  of  significant  partial 
fusion  zone  melting.  This  figure  shows  a  dendritic  structure  of  transformed  ledeburite, 
having  significant  amounts  of  eutectic  carbide  and  martensite  due  to  a  near  complete 
dissolution  of  carbon  into  the  melted  regions.  Figure  29  is  an  example  of  a  fusion 
zone  microstructure  where  near  complete  dissolution  of  the  graphite  nodules  oc¬ 
curred.  Further  examination  of  the  fusion  zone  was  not  performed  since  it  is  beyond 
the  scope  of  work  for  this  phase  I  HAZ  effort. 

Austempered  Microstructure 

Figure  30  shows  the  austempered  as-cast  microstructure,  which  is  a  typical  ADI 
structure  of  bainitic  ferrite  and  reacted  austenite  (ref  3).  The  austempered 
microstructures  are  fairly  uniform  in  appearance  for  all  combinations  of  preheat  and 
peak  temperature,  with  the  notable  exception  of  the  2100°F  peak  temperature 
(incipient  melting).  The  only  difference  in  appearance  is  in  the  fineness  of  the 
austempered  structure,  as  is  apparent  in  the  comparison  of  figures  31  and  32.  Figures 
33  and  34  clearly  show  the  effect  of  incipient  melting  in  that  the  graphite  nodules  are 
noticeably  smaller  in  size  and  there  is  an  appearance  of  areas  with  larger  amounts  of 
austenite  presumably  where  the  previous  eutectic  structure  was  located.  Figures  35 
and  36  show  a  magnified  view  of  this  structure  at  lOOOx.  Figure  37  shows  a  scanning 
electron  photomicrograph  (backscattered)  highlighting  the  existence  of  secondary 
graphite  particles. 

Hardness 

Rockwell  A  hardness  is  plotted  versus  peak  temperature  for  72°F,  400°F,  600°F, 
and  800®F  preheats.  Figures  38  and  39  show  the  as-welded  hardness  results  for  the 
37.5  kJ/in.  and  22.5  kJ/in.  energy  inputs,  respectively.  Figures  40  and  41  show  the 
austempered  hardness  results  for  the  37.5  kJ/in.  and  22.5  kJ/in.  energy  inputs, 
respectively.  The  variations  in  the  as-welded  hardness  results  show  a  good  correla¬ 
tion  to  microstructural  observations.  The  austempered  hardness  results  are  constant 
within  experimental  error. 
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DISCUSSION 


As-welded  Condition 

As  can  be  seen  from  the  figures  presented,  a  variety  of  microstructures  result  from  the 
thermal  cycling  due  to  welding.  The  microstructures  will  vary  depending  upon  peak 
temperature  and  cooling  rates  affected  by  the  preheat  temperature.  Due  to  the  rapid 
heating  and  cooling  rates  the  diffusion  of  the  carbon  is  not  uniform  throughout  the 
austenite.  Thus,  within  the  austenitic  grain  the  carbon  content  and  the  hardenability  of 
the  austenite  is  not  uniform  which  contributes  to  the  differences  in  the  resultant 
microstructures  throughout  the  matrix. 

Work  done  by  Nippes  (ref  1 )  and  Kotecki  (ref  4)  show  that  ductile  iron  is  subject  to 
formation  of  hard  and  brittle  microstructures  when  exposed  to  the  thermal  cycles  and 
cooling  rates  exhibited  in  welding,  namely  martensite,  grain  boundary  carbide,  and 
eutectic  carbide.  Both  of  these  authors  performed  this  work  on  standard  grades  of 
ferritic  ductile  iron,  which  differed  both  in  microstructure  and  chemistry  from  the  ductile 
iron  in  this  study.  Also,  neither  author  explored  post-weld  heat  treatment  to  mitigate 
these  structures-only  preheat  was  investigated  as  a  technique  to  suppress  martensite 
formation.  These  authors  found  that  though  preheat  temperature  was  able  to  suppress 
martensite  formation,  the  higher  preheat  temperatures  also  increased  the  amounts  of 
grain  boundary  carbide  (refs  3  and  4). 

Results  of  this  work  show  that  grain  boundary  carbides  do  not  form  in  ductile  iron 
which  has  a  pearlitic  prior  microstructure.  This  is  most  likely  due  to  the  presence  of  a 
primarily  pearlitic  prior  microstructure,  as  compared  to  the  ferritic  prior  microstructure 
investigated  by  the  previously  mentioned  authors.  Due  to  the  prevalence  of  austenitic 
nucleation  sites,  a  pearlitic  matrix  is  austenitized  more  easily  and  allows  for  carbon 
diffusion  into  the  austenite  grain.  Austenitization  of  ferrite  is  comparatively  slower  than 
pearlite  and  requires  higher  austenitizing  temperatures.  The  rapid  heating  rate  during 
welding  will  influence  the  rate  and  amount  of  austenite  formed  depending  on  the  prior 
microstructure. 

In  the  case  of  ferritic  ductile  iron,  diffusion  of  carbon  at  the  grain  boundaries 
occurs  with  limited  diffusion  into  the  matrix  until  only  the  highest  peak  temperatures 
were  reached.  The  pre-existing  ferrite  has  limited  solubility  of  carbon  below  the 
1800°F  peak  temperature  and  suppresses  formation  of  austenite  below  this  tempera¬ 
ture.  The  ferrite  effectively  arrests  the  nucleation  and  growth  of  austenite  below  1 800 
F  because  there  is  limited  solubility  of  carbon  in  the  ferrite  and  there  is  little  amount  of 
austenite  formed.  Grain  boundary  carbides  form  due  to  the  inability  of  carbon  to 
sufficiently  diffuse  through  the  iron/silicon  matrix  and  form  austenite.  Above  1800“F  in 
the  ferritic  prior  microstructure,  some  austenite  forms  thus  increasing  the  solubility  of 
the  matrix  for  carbon  which  transforms  to  martensite  or  pearlite,  depending  on  the 
cooling  rate.  The  additional  carbon  which  cannot  penetrate  the  iron/silicon  matrix 
remains  as  grain  boundary  carbides. 
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Diffusion  of  carbon  within  the  matrix  increases  with  time  and  temperature  due  to 
nucleation  and  growth  of  austenite,  but  diffusion  remains  limited  up  to  the  peak 
temperature  of  2100°F,  where  incipient  melting  occurs.  Regardless  of  the  peak 
temperature,  intergranular  carbides  are  present  in  the  prior  ferritic  microstructure. 

The  prior  microstructure  in  the  as-welded  conditions  affects  the  degree  of 
austenitization  attainable  in  the  matrix,  since  pearlite  is  more  readily  austentized  than 
ferrite.  This  degree  of  austenitization  affects  carbon  solubility,  hardenability  of  the 
austenite,  and  subsequent  transformation  products. 

The  microstructure  prior  to  welding,  therefore,  influences  the  subsequent 
transformation  products  of  the  as-welded  heat  affected  zone.  A  pearlitic  prior  micro¬ 
structure  does  not  readily  form  grain  boundary  carbides  in  the  HAZ  as  does  a  ferritic 
prior  microstructure.  For  an  as-welded  structure,  this  may  be  important  in  improving 
as-welded  performance.  Although  these  carbides  are  most  likely  recoverable  through 
austemper  heat  treatment,  the  absence  of  their  formation  is  desirable.  Limiting  the 
extent  to  which  carbides  form  in  the  as-welded  structure  reduces  susceptibility  to 
cracking  in  the  HAZ. 

The  prior  microstructure  is  dependent  on  the  cooling  rate  and  chemistry  of  the 
casting.  Therefore,  it  is  difficult  to  always  obtain  a  pearlitic  structure,  particularly  in 
large  castings  with  inherently  slow  cooling  rates.  Whether  or  not  the  prior  microstruc¬ 
ture  is  ultimately  significant  in  terms  of  weldability  and  subsequent  austemper  heat 
treatment,  requires  further  work.  It  may  prove  important  to  know  if  different  procedures 
are  required  based  on  the  prior  microstructure  when  welding  ductile  iron. 

The  results  of  this  study  confirm  prior  work  that  preheat  is  an  effective  means  of 
suppressing  martensite  formation  in  all  peak  temperatures  but  the  2100°F  case  of 
incipient  melting.  The  preheat  required,  however,  varies  as  a  function  of  energy  input. 
The  lower  energy  input  (22.5  kJ/in.)  causes  higher  cooling  rates  than  the  higher 
energy  input  process  (37.5  kJ/in.),  and  would  require  a  higher  preheat  to  suppress 
martensite  formation.  The  resultant  microstructures  of  figures  18  and  20  demonstrate 
that  6.3°F/s  is  the  critical  cooling  rate  to  suppress  martensite  formation.  The  suppres¬ 
sion  of  martensite  formation  is  important  in  the  welding  of  ductile  iron  components.  In 
order  to  prevent  cracking,  martensite  formation  should  be  avoided  if  at  all  possible. 

This  would  require  a  minimum  of  a  600°F  preheat  for  the  37.5  kJ/in.  energy  input,  but 
would  be  higher  for  the  lower  energy  input  process,  800°F  for  the  22.5  kJ/in.  energy 
input.  This  inverse  relationship  would  hold  true  as  energy  inputs  are  decreased; 
however,  increasing  preheat  will  certainly  have  an  effect  on  the  partial  fusion  zone  and 
fusion  zone.  Increased  preheat  will  cause  more  melting  in  the  partial  fusion  zone  and 
expand  the  width  of  the  fusion  zone,  which  will  increase  dissolution  of  graphite 
nodules,  and  thus  increase  the  amount  of  eutectic  carbide. 
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As  in  the  work  by  Nippes,  the  critical  cooling  rate  of  the  most  hardenable 
austenite  was  6.3°F/s  (ref  1 ).  The  pearlitic  prior  microstructure  in  this  study,  however, 
was  more  hardenable  through  the  range  of  peak  temperatures  than  was  the  ferritic 
prior  microstructure  examined  in  other  studies,  as  was  proposed  by  Kotecki  (ref  4).  The 
pearlitic  microstructure  has  a  high  carbon  content  as  soon  as  austenite  is  formed, 
whereas  the  ferritic  grades  require  the  diffusion  of  carbon  from  the  nodules  to  first 
allow  austenite  to  form  thereby  increasing  the  local  carbon  concentration  and  the 
hardenability.  Therefore,  the  high  carbon  austenite  only  forms  in  ferritic  ductile  iron  at 
the  highest  peak  temperatures,  while  high  carbon  austenite  in  pearlitic  ductile  iron 
occurs  over  the  entire  range  of  peak  temperatures,  increasing  as  peak  temperature 
increases. 

In  actual  practice,  manual  welding  employing  a  600  -  800®F  preheat,  particularly 
on  large  components,  is  not  feasible  due  to  the  hazardous  condition  presented  to  the 
welder.  Even  preheating  localized  areas  for  repair  to  these  temperatures  could  induce 
cracking  due  to  thermal  stress  and/or  distortion.  In  such  instances,  a  preheat  of  400®F 
would  be  more  practical.  However,  a  preheat  of  400°F  would  still  result  in  a  mixed 
microstructure  of  martensite  and  pearlite  at  some  peak  temperatures.  This  martensite 
could  cause  cracking  at  these  preheats  depending  upon  factors  such  as  geometry  of 
the  component,  size,  restraint,  etc.  Therefore,  each  particular  welding  application  must 
be  analyzed  to  assess  minimum  preheat  temperature  requirements. 

Austempered  Condition 

When  the  as-welded  structures  are  subjected  to  the  austemper  heat  treat 
process,  the  HAZ  microstructure  appears  to  be  recoverable.  This  is  demonstrated  by 
the  uniformity  of  hardness  results  (figs.  40  and  41)  for  each  of  the  energy  inputs.  The 
recoverability  of  the  PFZ,  however,  is  not  complete  as  is  evident  in  figures  35  and  36. 
Although  the  hardness  data  does  not  suggest  a  difference  in  the  PFZ  austempered 
structure,  the  photomicrographs  indicate  a  difference  in  structure  exists. 

The  100  min  austenitizing  time  at  1650°F  in  austemper  heat  treat  cycle  is  clearly 
sufficient  time  at  temperature  for  carbon  diffusion  within  the  entire  iron  silicon  matrix. 
The  diffusion  of  carbon  throughout  the  entire  matrix  allows  for  redistribution  of  carbon 
in  austenite  to  an  equilibrium  1650°F  condition.  This  effectively  erases  the  prior 
carbon  concentration  gradients  existing  in  the  arrested  austenitic  structures  of  the 
simulated  weld  heat  affected  zone.  When  incipient  melting  of  the  PFZ  occurs,  nodules 
are  consumed  upon  the  formation  of  liquid.  This  is  apparent  in  figures  26  and  27, 
where  eutectic  forms  in  the  vicinity  of  prior  nodules.  The  silicon  in  the  iron/silicon 
matrix  drives  the  formation  of  secondary  graphite  particles.  These  particles  are  finely 
distributed  throughout  the  iron/silicon  matrix  as  shown  in  the  scanning  electron 
photomicrograph  (fig.  37).  These  carbon  particles  represent  prior  localized  regions  of 
excess  carbon  concentration  which  may  affect  the  bainitic  transformation  process 


11 


during  the  austemper  heat  treatment.  The  excess  carbon  concentration  seems  to 
affect  volume  fraction  of  reacted  austenite  as  shown  in  figures  35  and  36.  This  was  not 
confirmed  through  x-ray  analysis,  however. 

The  scope  of  this  work  revolved  primarily  around  investigation  of  recoverability  of 
the  heat  affected  zone.  The  limited  work  in  the  partial  fusion  zone  and  fusion  zone 
was  due  partially  to  the  geometry  of  the  Gleeble  test  specimen  as  already  mentioned, 
but  primarily  to  the  fact  that  a  second  phase  effort  would  study  the  PFZ/FZ.  The  first 
phase  was  designed  to  provide  a  foundation  of  knowledge  about  behavior  of  the  HAZ 
for  this  second  phase  effort.  The  examples  of  significant  melting,  namely  the  2148°F 
peak  temperatures  and  the  case  of  complete  melting,  were  not  austempered  to 
investigate  their  recoverability.  It  is  probable  that  they  will  react  to  austempering 
similarly  to  the  2100°F  case  of  incipient  melting.  Upon  austempering,  the  silicon  in  the 
iron/Silicon  matrix  drives  the  formation  of  finely  distributed  graphite  from  the  eutectic 
carbide.  This  should  continue  as  the  volume  fraction  of  eutectic  structure  increases  to 
the  point  of  complete  melting. 


CONCLUSIONS 

The  austemper  heat  treat  process  is  apparently  effective  in  recovering  the  heat 
affected  zone  of  the  simulated  as-welded  microstructures,  as  is  suggested  by  the 
hardness  data  and  metallographic  observations.  However,  the  austemper  heat  treat 
process  is  not  entirely  effective  in  recovering  microstructures  in  the  partial  fusion  zone 
(PFZyfusion  zone  (FZ).  This  effect  is  only  evident  through  metallographic  observations 
using  a  scanning  electron  microscope  as  indicated  by  secondary  graphite  finely 
distributed  through  the  matrix.  The  hardness  data  does  not  reflect  any  difference  due 
to  these  particles. 

The  condition  of  the  material  prior  to  simulated  weld  thermal  cycles  has  an  effect 
on  the  as-welded  condition  of  the  microstructure.  Other  authors  have  shown  that 
ferritic  grades  of  ductile  iron  develop  grain  boundary  carbides  in  the  heat  affected 
zone,  while  this  work  has  demonstrated  that  a  pearlitic  prior  microstructure  in 
austempered  ductile  iron  will  not  develop  grain  boundary  carbides  in  the  HAZ.  This  is 
desirable  in  reducing  the  possibility  of  HAZ  cracking. 

Controlling  the  cooling  rate  is  another  effective  means  of  reducing  the  possibility 
of  HAZ  cracking.  Cooling  rate  is  a  function  of  energy  input  and  preheat  temperature, 
so  preheat  temperature  must  be  increased  as  energy  input  decreases  so  that  a  critical 
cooling  rate  of  6.3°F/s  is  not  exceeded.  Preheat  temperature  cannot  increase  without 
bound,  however,  as  increasing  preheat  temperature  increases  the  width  of  the  PFZ 
and  FZ,  thus  increasing  the  amount  of  melting  and  eutectic  carbide.  This  potentially 
increases  the  amount  of  structure  which  may  be  unrecoverable  through  austemper 
heat  treatment. 
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The  recoverability  was  measured  in  terms  of  hardness  and  metallographic  results 
only,  and  this  is  not  complete  with  respect  to  actual  weld  joint  performance.  More 
extensive  work  is  required  to  determine  actual  mechanical  properties  of  the  HAZ.PFZ, 
and  FZ.  Evaluation  of  tensile  strength,  yield  strength,  and  elongation  may  better 
determine  the  extent  of  recovery  achieved  through  austemper  heat  treatment. 


FUTURE  WORK 

Based  on  the  information  obtained  in  the  phase  I  effort,  actual  weld  trials  will  be 
performed.  The  weld  trials  will  be  performed  on  a  1/2  in.  plate  at  selected  preheat 
temperatures  for  the  22.5  kJ/in.  and  37.5  kJ/in.  energy  inputs  using  three  different  filler 
metals.  A  single  v-groove  weld  will  be  prepared  in  both  as-cast  ferritic  and  pearlitic 
material  to  investigate  the  effect  of  prior  material  condition,  preheat,  and  energy  input 
on  transverse  mechanical  properties  of  the  austempered  weld  joint.  This  will  quantify 
the  recoverability  of  both  the  ferritic  and  pearlitic  starting  material  as  well  as  provide 
new  information  on  the  behavior  of  the  fusion  zone  and  the  effect  of  filler  metal  on 
mechanical  properties. 

Additional  weld  trials  will  be  performed  on  austempered  1/2  in.  plate.  Transverse 
mechanical  properties  of  the  as-welded  material  will  be  documented  as  part  of  this 
additional  effort.  This  applies  to  field  repair  of  austempered  ductile  iron  which  cannot 
be  heat  treated  after  welding. 
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Figure  2 

Gleeble  test  specimen 


Figure  3 

Photograph  of  Gleeble  test  apparatus 
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Figure  4 

Experimental  cooling  curves  at  1800°F  peak  temperature 
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Peak  temperature 
Preheat  temperature 

72°F 

210°F 

400°F 

600°F 

800°F 


1200°F  1550°F 

x/o  x/o 

x/o 

x/o 

x/o 


1800°F  1950°F 


x/o 

x/o 

x/o 

x/o 

x/o 

x/o 

x/o 

x/o 

x/o 

x/o 

2020°F 

2100“F 

x/o 

x/o 

x/o 

x/o 

x/o 

x/o 

X  =  37.5  kJ/in.  energy  input 
0  =  22.5  kJ/in.  energy  input 


Figure  5 

Experimental  matrix 
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Figure  9 

1950°F  peak  temperature,  no  preheat,  37.5  kJ/in.  lath-like  martensite  evident 
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Figure  10 

2020°F  peak  temperature,  no  preheat,  37.5  kJ/in.  plate-like  martensite 

and  retained  austenite 


Figure  1 1 

1550°F  peak  temperature,  no  preheat,  22.5  kJ/in.  martensite,  ferrite,  and  pearlite 
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Figure  13 

1950°F  peak  temperature,  400°F  preheat,  37.5  kJ/in.  ferrite  and  pearlite 
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Figure  15 

1950°F  peak  temperature,  800°F  preheat,  37.5  kJ/in.  pearlite 


Figure  16 

1950°F  peak  temperature,  800°F  preheat,  22.5  kJ/in.  pearlite 


Figure  17 

2020°F  peak  temperature,  400°F  preheat,  37.5  kJ/in.  martensite  with  some  pearlite 
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Figure  21 

1800°F  peak  temperature,  600°F  preheat,  37.5  kJ/in.  fine  pearlite  at  austenitic  grain 

boundaries  with  blocky  ferrite  and  pearlite 


Figure  22 

1800°F  peak  temperature,  800°F  preheat,  22.5  kJ/in. 
fine  peariite,  block  ferrite,  and  pearlite 


Figure  23 

1800°F  peak  temperature,  800°F  preheat,  37.5  kJ/in.  fine  pearlite 
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Figure  24 

1800°F  peak  temperature,  600°F  preheat,  22.5  kJ/in. 
Widmanstatten  ferrite  and  martensite  magnified  500  times 


Figure  25 

1800°F  peak  temperature,  600°F  preheat,  22.5  kJ/in. 
Widmanstatten  ferrite  and  martensite  magnified  1000  times 


Figure  27 

21 00°F  peak  temperature,  no  preheat,  22.5  kJ/in. 
eutectic  carbide,  plate  martensite,  and  retained  austenite 
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Figure  32 

1950°F  peak  temperature,  210°F  preheat,  37.5  kJ/in.  fine  bainitic  microstructure 


Figure  33 

2100°F  peak  temperature,  no  preheat,  37.5  kJ/in. 
effect  of  incipient  melting  on  austempered  structure 
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Figure  35 

2100°F  peak  temperature,  no  preheat,  37.5  kJ/in. 
effect  of  incipient  melting  on  austempered  structure  magnified  1000  times 
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Figure  36 

2100°F  peak  temperature,  no  preheat,  22.5  kJ/in. 
effect  of  incipient  melting  on  austempered  structure  magnified  1000  times 


Figure  37 

2100°F  peak  temperature,  no  preheat,  37.5  kJ/in. 

SEM  backscattered  photomicrograph  showing  secondary  graphite 
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Rockwell  A  Hardness 


Figure  38 

Rockwell  A  hardness  -  37.5  kJ/in.,  as-welded 
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No  Preheat  (72)  +  400  Preheat  ^  600  Preheat  800 


Figure  40 

Rockwell  A  hardness  -  37.5  kJ/in.,  austempered 
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No  Preheat  (72)  +400  Preheat  ^600  Preheat  ^800  Preheat 


Table  1 

Typical  chemistry 


^ISiMnOrAi  S-ECiiMIiMfiMa 
3.71  2.62  0.27  0.035  0.015  0.010  0.008  0.876  0.818  0.005  0.002  0.047 


Condition 


Table  2 

Heat  treatment  parameters 


Temperature 


Time  (mini 


Stress  relieve 

1100 

90 

Austenitize 

1640+/-5 

100 

Quench  and  isothermal 

625+/-5 

100 

Hold 

Table  3 

Average  mechanical  test  results  (austempered) 

Yield  strength  (osh  Tensile  strength  (osil  Percent  elongation 

140,000  184,000  8.0% 


Table  4 

Cooling  rate  -  °F/s  at  1300°F 


72 

34.0 

94.5 

210 

23.7 

66.0 

400 

13.4 

37.2 

600 

6.3 

17.5 

800 

2.3 

6.3 
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APPENDIX 

CALCULATION  DESCRIPTION  -  RYKALIN  2-D 
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Calculation  Description  -  Rykalin  2-D 


The  "Rykalin”  calculation  methods  are  based  on  work  by  N.  N. 
Rykalin.  The  equations  used  for  Rykalin  2-D  curves  are  shown 
fcelow; 


~  Maximum  temperature 
Tq  Preheat  temperature 

Temperatures  used  to  define  cooling  time, 
d  5=  Plate  thickness 

dg  =  Equivalent  plate  thickness 

t  «  Cooling  time  from  T1  to  T2 

Q  “  Energy  input 

1  “  thermal  conductivity 

p  =  density 

c  =  specific  heat 
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